The contribution of slant and tilt to the detection of differences in local surface orientation was examined for structure-frommotion (SFM) displays of a complex sinusoidal surface. Observers judged whether an elliptical SFM gauge figure appeared to be lying on the surface or intersecting it. The gauge figure orientation either matched the local surface orientation or differed from it in slant, tilt, or both. Similar sensitivity was found for deviations in slant and tilt, but greater biases and variability were found when the gauge figure deviated from the local surface orientation in slant, depending on the sign of the difference between the gauge figure and local surface orientation and the position of the gauge figure. The results are consistent with Stevens' (Biological Cybernetics, 46 (1983) 183-195) discussion of the computational advantages of slant and tilt contributing independently to the detection of differences in local surface orientation. The effects of changes in perceived surface slant and tilt during rotation and of the misperception of surface depth on the detection of local orientation in dynamic images are discussed.
Introduction
A necessary stage in visual information processing of three-dimensional scenes is the recovery of the structure of surfaces from images. Surfaces of objects can be described locally in a variety of ways (e.g. Koenderink, 1990) . Some of the descriptors are viewpoint-dependent, e.g. surface depth and orientation. Others are invariant with regard to the observer's position, e.g. principal curvatures, gaussian or mean curvature, shape index and curvedness.
The available evidence suggests that these different surface descriptors cannot be derived from one another. Surface orientation cannot be derived from a depth map (Koenderink, van Doorn, & Kappers, 1996b; Norman & Todd, 1996) . Surface curvature is encoded independently from local orientation (e.g. Johnston & Passmore, 1994) . Inconsistencies between judgments of curvature and slant have been observed in both the motion and stereo modalities (deVries & Werkhoven, 1995) . A possible explanation of such inconsistencies is that the visual system uses multiple representations of surfaces. Different representations may be appropriate for performing specific tasks.
A variety of visual cues can be used to recover local surface characteristics. Most of these cues are perceptually relevant for the determination of local surface shape and orientation. Local surface orientation may be extracted from shading, texture or velocity gradients. Stevens (1983) presented a computational analysis of the advantages of representing surface orientation by slant and tilt instead of by depth gradients. In addition, he suggested (Stevens, 1995) that extrinsic shape is mapped to a space with five degrees of freedom -the two principal curvatures, the slant and tilt and the twist of the surface about the normal. This suggestion implies that local surface slant and tilt should be extracted from the available visual information independently of each other and the effects of deviations in slant and tilt in detecting deviations from local surface orientation should be additive. Alternatively, the effects could be subadditive if, e.g. a deviation in one component was so salient that the contribution of a deviation in the other component was reduced. Superaddivitity seems less likely since it would require that the presence of a deviation in one component made a deviation in the other component more salient. These possible relationships parallel those studied for cue combinations in depth perception (e.g. Bü lthoff & Mallott, 1988) , with accumulation, veto and cooperation possibly leading to additivity, subadditivity, and superadditivity (see also Massaro, 1988) .
Existing studies of local surface representation do not provide an explicit answer regarding the interaction of slant and tilt in the extraction of local orientation. The most common task for estimating the perceived local orientation of different surfaces has been an adjustment procedure in which a gauge figure was superimposed on the surface (e.g. Koenderink, van Doorn, & Kappers, 1992; de Haan, Erens, & Noest, 1995; Christou, Koenderink, & van Doorn, 1996; Todd, Koenderink, van Doorn, & Kappers, 1996; Mamassian & Kersten, 1996; Todd, Norman, Koenderink, & Kappers, 1997) . The adjustments were analyzed as separate errors in slant and tilt, but it is unclear whether the two components of local orientation interacted in determining performance on this task. Another approach to studying perceived surface orientation has been to examine discrimination of local orientation differences (Reichel, Todd & Yilmaz, 1995; . These studies, however, did not distinguish the relative contribution of differences in slant and tilt on performance.
The purpose of the present study was to determine the contribution of local surface slant and tilt to the detection of differences in local surface orientation. The surfaces were defined only through motion. The ability of the visual system to extract structure from motion is well known and velocity gradients can be a useful source of information for local surface orientation. Additional cues were not used to specify the surfaces because different cues may specify the surface structure in a different manner (Tittle & Perotti, 1997; Tittle, Norman, Perotti, & Phillips, 1998) and there may be some averaging or addition of estimates obtained from the different visual cues. A gauge figure, similar to the one proposed by Koenderink et al. (1992) was used, but the observer's task was to detect differences in local orientation between the gauge figure and the surface, rather than to adjust the orientation of the gauge figure.
Two experiments were conducted. In the first experiment the orientation of the gauge figures deviated from the local surface orientation only in slant, only in tilt, or in both slant and tilt by equal amounts, with these three types of deviations presented in separate blocks. Both negative and positive deviations between the gauge figure and surface orientation were used. In the second experiment all possible combinations of selected levels of deviations in slant and in tilt between the gauge figure orientation and local surface orientation were used. The data were analyzed in terms of the subjective equality between the gauge figure and surface orientation. This allows us to evaluate the separate contribution of slant and tilt components on the detection of differences in local surface orientation and to reconstruct the surface relief from the detection judgments.
General methods

Stimuli
The displays were composed of bright dots on a black background. The initial positions of the dots were randomly selected in the image plane. The z coordinates of the points were computed by 'back-projecting' the points onto a sinusoidal surface (Fig. 1) . Specifically, the z-value of each point was determined by the function z= A* sin (yx)* sin (yy) with an amplitude A= 0.5. The center of the coordinate system was randomly shifted in the image plane in both horizontal and vertical directions by up to 9 0.375 units of the surface period. In this way different portions of the surface were at the center of the image on different trials. Only those dots within a circular area around this center with a diameter equal to the period of the surface were plotted. This region always contained a 'peak' and a 'valley' and had the same depth range. The gauge figure position was randomly selected in a circular area with radius equal to 0.125 of the surface period. Both the radius of the area in which dots were plotted and the range of the simulated depth values were 12.2 cm (see Fig. 2 ). The viewing tube further limited the visible region of the display to a circular area with an 11-cm radius. The rotation was restricted to 9 15°around the axis with a step of 0.6°. No more than 320 points were visible in a single frame (not including the dots making up the gauge figure).
Apparatus
The stimuli were presented on a 19-in. (48 cm) calligraphic display scope (Xytron for Observers 1-3, Data Check for Observers 4-5) with a Tucker -Davis sixchannel digital-to-analog interface controlled by a Dell Pentium 90 computer. This allowed accurate positioning of the points with 16 000 by 16 000 resolution. The dots were displayed at a rate of 30 frames/s.
Procedure
The observer was seated in a dark room at a distance of approx. 56 cm from the display. From this distance the diameter of the aperture subtended 22°of visual angle. The observation of the screen was monocular through a tube with the eye chosen by the observer.
A 'yes -no' task was used in which the observer was instructed to respond as accurately as possible whether the gauge figure was lying on the surface or intersected it. More precisely, the observers had to press one button on a joystick if the gauge figure was tangent to the surface and the bar in the middle was in the direction of the surface normal at the point of tangency, and another button if these conditions were not met. This was explained to the observer using static examples illustrating the type of surface used in the experiment and showing how a gauge figure might look if it were lying on the surface and if it intersected the surface. (We chose not to suggest that the gauge figure should appear 'painted' on the surface because some regions of the surface had large curvatures and a planar disk would never look as if it were painted on the surface in these regions.)
The experiments were self-paced. Each presentation continued until the observer pressed one of the buttons on the joystick. After a short delay of 200 ms the next presentation started. The experiments were divided into blocks with a rest between them. Each block started with five practice trials. The number of trials in each block with the gauge figure lying on the surface or deviating from it in orientation was equal. Both negative and positive values of the deviations in slant, tilt or both were used. Negative values of slant were those in which the direction was towards the observer, whereas for tilt negative values were those that differed from the true values in an anti-clockwise direction. Each different value of deviations in local orientation was presented 50 times. A different stimulus, with a different random selection of the position of the gauge figure on the surface and its distance from the center of the screen, was used for each replication.
The gauge figure was similar to the one used by Koenderink et al. (1992) . It corresponded to the orthographic projection of a circular disk with a bar, perpendicular to the disk, at its center. The radius of the disk was 0.81 cm and the bar length was 0.73 cm. Depending on the type of trial, the orientation of the gauge figure (in the 3D structure-from-motion simulation) coincided with the local orientation of the surface or differed from it by a fixed amount either in slant or in tilt or in both. The gauge figure orientation was considered to be coincident with the local surface orientation if the circular part of the gauge figure was tangent to the surface and the bar pointed in the direction of the surface normal. No surface dots were displayed in the area occupied by the gauge figure. The motion of the dots simulated the orthographic projection of a rigid surface rotating around a vertical axis 1 6.11 cm behind the minimal z-value of the surface.
1 Most structure-from-motion research has used rotation about a vertical axis. One reason is that an object rotates about the vertical axis, relative to the line of sight, when an observer fixates the object while moving horizontally with respect to the object. Studies comparing rotation about vertical and horizontal axes (e.g. Braunstein, 1966) have found similar effects for both axes, but there are important interactions between the axis of curvature and the axis of rotation (e.g. Cornilleau-Pérès & Droulez, 1989).
Obser6ers
Two female and one male observer participated in a pilot study and in both experiments. Two additional observers, one female and one male, participated in Experiment 2 only. All observers were unfamiliar with the purposes of the experiments. The observers had normal vision and were paid for their participation.
Experiment 1
The purpose of the Experiment 1 was to evaluate sensitivity and response bias separately for deviations in slant, tilt, and slant and tilt combined, in a signal detection paradigm. For this reason, trials in which the gauge figure orientation deviated from the surface orientation in slant only, in tilt only, or in both slant and tilt, were presented in separate blocks with each block including an equal number of signal (gauge figure orientation not matched to the surface) and noise (gauge figure orientation matched to the surface) trials.
Methods
Each observer participated in five experimental sessions. Each session consisted of six blocks: two in which the deviations in gauge figure orientation were in slant only, two in which the deviations were in tilt only and two in which both the slant and the tilt differed from the local surface orientation. When the deviations were in both slant and tilt, the amount of the deviations was equal. For Observer 1 the deviations were − 15, − 10, 0, 10, 15°; for Observers 2 and 3 they were − 10, − 5, 0, 5 and 10°. Larger deviations were selected for Observer 1 on the basis of a pilot study using a spherical surface in which accuracy in detecting deviations was measured for the three observers across a range of deviation values. The order of the presentation of the three types of blocks was counterbalanced (ABCCBA, with the conditions designated A, B and C randomized across observers and sessions). Each block contained 85 presentations. The first five were randomly chosen practice trials and were not included in the analysis. The remaining 80 trials consisted of 40 trials in which the gauge figure orientation differed from the true orientation (with ten repetitions for each level of non-zero deviations) and 40 trials in which the deviation was zero. The order of presentation of the 80 trials was random and varied across observers. The duration of each session was about 1 h, with short breaks between the blocks and a longer break after the third block. The initial rotation direction was left to right for all stimuli in this experiment.
Results
The data obtained in Experiment 1 was used to evaluate sensitivity and response bias in the different experimental conditions in terms of signal detection theory. The cases in which the gauge figure orientation differed from local surface orientation were regarded as signal trials; the cases in which the gauge figure orientation coincided with the surface orientation were regarded as noise trials. The experimental conditions were run in separate blocks with separate noise trials, allowing computation of a d% and a criterion location for each condition (Macmillan & Creelman, 1991) . The results are presented in Figs. 3 and 4. Although the observers showed individual differences in response bias, the criterion for each observer does not appear to have varied systematically across the experimental conditions. Sensitivity to differences in local orientation, however, differed across conditions. Fig. 4 also shows predicted d%-values for the combinations of slant and tilt deviations estimated from the slant deviation only and tilt deviation only conditions, on the assumption of independent effects of slant and tilt on detection. They do not differ significantly at P= 0.05 from the experimentally obtained data for the combination conditions. Some differences were observed between the percent of 'off the surface' responses depending on the sign of the deviation. (We will refer to judgments that the gauge figure is tangent to the surface as 'on the surface' responses and judgments that the gauge figure is not tangent to the surface -usually because it appears to intersect the surface -as 'off the surface' responses.) The d%-values obtained when the signal trials are separated into those with positive or with negative deviations from the local surface orientation are presented in Fig. 5 . The noise trials were the same in both cases. If the sign had no effect on the performance one should obtain similar detectability for the positive and negative deviations in gauge figure orientation. The figure shows of the effects of sign. This suggests that the sign of the eviations in gauge figure orientation from the local surface orientation should not be disregarded. When the sign of the deviations is considered the detectability of the signal cannot be regarded as a monotonic function of its strength. The probability density function for signal trials cannot be considered as having equal variability but a greater mean than the probability density function for the noise trials. The effects of sign on the detection of differences in local orientation thus limits the usefulness of a signal detection analysis.
An alternative approach is to regard the responses as indicating when the gauge figure and surface have subjectively equal orientations. We would thus be seeking a point of subjective equality as well as a measure of sensitivity. This type of analysis will be applied to the results of the second experiment. In that experiment conditions in which the gauge figure orientation differed in slant, in tilt, or in both, were intermixed and all possible combinations of the deviations in slant and tilt were included
Experiment 2
The purpose of Experiment 2 was to determine the relationship between the perceived local orientation across the surface, as indicated by judgments of whether or not the gauge figure was on the surface, and the simulated local orientation. In particular, we were interested in whether this relationship was consistent with the hypothesis that slant and tilt have independent effects in the perception of surface orientation. An additional objective was to examine biases in the perception of local surface orientation by comparing, for each observer, the surface reconstructed from the observer's judgments to the simulated surface.
Methods
The deviations in gauge figure slant and tilt were − 12, − 6, 0, 6 and 12°for all observers. All possible combinations of the deviations were formed, i.e. there were 25 different combinations of the deviations in gauge figure slant and tilt. For 24 of these combinations at least one of the deviations (slant or tilt) was nonzero. In the remaining combination both deviations were zero. Each experimental session contained eight blocks with five practice trials and 60 trials with different combinations of deviations in slant and tilt presented in a random order. In each session observers responded ten times to each of the non-zero deviation combinations and 240 times to the zero deviation condition (when the gauge figure orientation was the same as the local surface orientation). Each observer participated in five experimental sessions of an approximate duration dthat the sign of the deviations had no significant effect when the gauge figure differed from the local surface orientation only in tilt. For the slant and the combined conditions the detectability of the differences depended on the sign of the deviations. Such an effect would increase the variability of performance and might result in conditions in which either deviations in slant or deviations in tilt would be detected more easily because of 1 h each. In half of the stimuli the rotation started in a direction from left to right; for the other half it was from right to left. Two practice sessions were added at the beginning of the experiment for the two observers who did not participate in Experiment 1 or in the pilot study that preceded Experiment 1. The first of these practice sessions consisted of three blocks of 65 trials with deviations in slant, in tilt, or in both of − 25, − 17, − 8, 0, 17 and 25°. The second practice session consisted of eight blocks of 65 trials with all possible combinations of deviations of −12 to 12°in steps of 6°.
Results
'Off the surface' responses
In this experiment all of the 25 possible combinations of deviations of the gauge figure in slant and tilt from the local orientation of the surface (5 slant× 5 tilt) were presented in random order. We wanted to evaluate whether deviations in slant and tilt had independent effects on performance and to examine their relative contribution for detecting changes in local orientation. To answer these questions we performed a nonlinear probit analysis (Maritz, 1965) with five factors: deviation in gauge figure slant, deviation in gauge figure tilt, the product of the deviations in gauge figure slant and tilt, the squared deviation in gauge figure slant and the squared deviation in gauge figure tilt.
The contribution of the first two factors, deviation in gauge figure slant and deviation in gauge figure tilt, would be significant only if there were effects of the sign of the deviation. The squared deviations in the probit regression indicate the contribution of the magnitude of the deviations in slant and tilt. The product of the deviations in gauge figure slant and tilt represents the departure from additivity in the effects of the deviations in slant and tilt on the detection of local orientation and was included in the analysis to test the independence of the deviations in slant and in tilt. The results of the probit analysis are presented in Table 1. This table gives estimates of the parameters of the model and their significance, evaluated by t-statistics. The t-values were calculated by dividing the probability estimate for each variable by its standard error. The degrees of freedom for the t-statistics are 2394.
The interaction term in the probit regression (the product of the deviations in slant and in tilt) was not significant for any of the five observers. There was thus no evidence of a deviation from additivity in the effects of the slant and tilt deviations. We tested whether a non-additive probit-regression model (i.e. with an interaction term included) was a significant improvement over an additive model (i.e. without an interaction term), using a likelihood ratio test to compare the residual sums of squares for the non-additive and additive models (Gallant, 1987) . The values of the likelihood statistics were 0.16 for Observer 1; 0.78 for Observer 2; 0.38 for Observer 3; 0.56 for Observer 4 and 0.10 for Observer 5. As the critical F-ratio is 4.35 (P= 0.05, df= 1, 20), the null hypothesis of no interaction between deviations in slant and tilt in determining detection of differences in local orientation cannot be rejected for any of the five observers.
The regression coefficients in the probit model are the effects of the independent variables on the cumulative normal probability for detecting differences in local Table 2 Parameters of the 75% probability ellipse for detection of differences in local orientation. The angle between the major axis of the 75%-probability ellipse and the coordinate system of the deviations in gauge figure slant and tilt was calculated from the interaction between the deviations in slant and tilt. The shift of the center of this ellipse reflects the effect of the sign of the deviations in gauge figure slant and orientation, i.e. they are effects on z-scores. The meaning of the coefficients in the probit regression can be better understood if the z-scores are converted to probabilities. The constant term in the probit regression measures the probability with which each observer responded 'off the surface' when the gauge figure and local surface orientation coincided. These probabilities for Observers 1-5 were 27.8, 32.6, 61.1, 15.9 and 21.6%. The effects of the deviations in slant and in tilt in this analysis indicate perceptual biases due to the sign of the deviations. The effect of the squared deviations represents the sensitivity of the observers, i.e. how much the gauge figure would have to differ from local orientation in slant or in tilt to obtain a certain percent of 'off the surface' responses. To illustrate the results of the probit regression we calculated the differences in orientation between the gauge figure and the surface needed for detection with 75% probability. These differences can be represented as an ellipse in the two-dimensional space of deviations in slant and in tilt (see Table 2 and Fig. 6 ).
The constant term of the probit regression has a scaling effect on the 75% probability ellipse. The interaction term, if significant, rotates the ellipse in the coordinate system of the deviations in slant and tilt. Since this factor had no statistical effect on performance, the inclination of the axis of the probability ellipse from the coordinate system could be disregarded as insignificant. The effects of the deviations in slant and in tilt determine the center of the probability ellipse. If the sign of the deviations had no effect, the center of the ellipse should coincide with the center of the coordinate system. The position of the ellipse center represents the deviations in slant or in tilt that the observers perceived as equal to the local surface orientation, i.e. their point of subjective equality. For four of the five observers the deviations in slant had a significant effect at P = 0.05, hence a significant perceptual bias was observed shifting the point of subjective equality away from the true equality of the gauge figure slant and the local surface slant. For two observers (Observer 2 and Observer 4) the deviations in tilt had a significant effect.
The sizes of the semi-axes of the probability ellipses are determined by the squared deviations in slant and tilt, i.e. the maximal deviations in slant and in tilt Fig. 6 . The probability ellipse representing the deviations in slant and tilt of the gauge figure necessary for the detection of differences in local orientation with 75% probability for each observer in Experiment 2. The center of the coordinate system where the deviations in slant and tilt are zero is represented by a solid circle. The center of the 75% probability ellipse is marked with an open square. The axes of the coordinate system are represented by solid lines. The major and minor axes of the ellipse are represented by dashed lines. necessary for the detection of a difference in local orientation with 75% probability. If deviations in slant and tilt had equal effects on performance, the probability ellipse would be a circle. Tables 1 and 2 show that the coefficients for the squared deviations in slant and in tilt were almost equal. The ratio of major to minor semi-axes of the 75% probability ellipse for Observers 1 -5 were 1.18, 1.13, 1.23, 1.36 and 1.19. Thus, the effectiveness of the deviations in slant and tilt on the detection of differences in local orientation seems to be approximately equal with a trend in the direction of a slightly greater effect for slant.
Effects of surface characteristics
The analyses until now were based on the data obtained over the whole surface. Different surface characteristics, however, could affect the ability of observers to detect differences in local surface orientation. In the following analysis we consider the possible effects of the local surface slant on performance in detecting differences in the slant and tilt of the gauge figure. We chose surface slant for this analysis for two reasons. First, it represents the magnitude of changes in depth and as such a Weber-like dependence may be expected for the detection of differences in slant. Second, surface tilt is undetermined for small values of slant.
We divided the range of surface slants into five groups in such a way that in each group there were approx. 480 presentations of the gauge figure. (For the sinusoidal surface that we used there were relatively few positions with small slant so the range of surface slants in the first group was much larger than for the other four groups.) For each such group a probit regression, similar to the one described previously, was performed with the following factors: deviations in slant, deviations in tilt, squared deviations in slant, squared deviations in tilt and the product of the deviations in slant and tilt. The parameters of the 75% probability ellipses based on the coefficients of the probit regressions for the different ranges of surface slant are given in Table  3 .
The sign of the deviations had a greater effect on the detection of deviations between the orientation of the gauge figure and the local surface orientation for deviations in slant than for deviations in tilt. This is indicated by comparing the deviations of the center of the ellipses for slant and tilt in Table 3 . For 25 comparisons for the five observers, the shift of the ellipse center was larger for deviations in tilt than in slant in only four cases. These four cases were for the observers who had a significant effect of the deviations in tilt on performance in the analysis over the whole surface (Observers 2 and 4). The mean values of the shifts (slant, tilt in degrees) for Observers 1 -5 were (−4.34, − 0.79), (− 1.53, 1.22), (6.92, 2.80), (−0.51, − 0.98) and (− 6.81, 1.03). Thus, the point of subjective equality between the gauge figure and the surface orientation varied over the surface more for slant than for tilt.
Another common feature of the results was the greater variability in the size of the semi-axes of the 75% probability ellipses for slant than for tilt, across variations in surface slant, excluding the smallest values of surface slant (those less than 35-38°) for which the tilt is indefinite. For all other values of surface slant the standard deviations of the semi-axes for the different intervals of surface slant (slant, tilt in degrees) for Observers 1-5 were: (14.57, 3.26), (6.53, 2.11), (2.36, 0.28), (1.87, 7.48), and (7.77, 4.67) . Only for Observer 4 was the variability for slant less than the variability for tilt. No Weber-like dependence was observed for the detection of differences in slant across variations in surface slant.
'On the surface' responses
'On the surface' responses indicate the gauge figure orientations that observers perceived as equal to the surface orientation at each of the tested surface locations. A Delaunay triangulation (Fortune, 1987) was performed on the gauge figure presentation positions for which the gauge figure orientation was reported to be the same as the local surface orientation. A reconstruction of the surface relief was calculated that best fit the depth differences in a least-squares sense, based on the local orientation of the gauge figure at the edges of each triangle. The numerical method was similar to the one proposed by Koenderink et al. (1992) .
2 This method of recovering depth from local orientation estimates does not provide information about absolute distances because the depth values are computed from depth differences between pairs of adjacent locations. Any translation of the whole surface in depth would yield the same relief. We arbitrarily chose the mean depth of the reconstructed surface to be zero. Because the depth differences are relative to the spacing of pairs of adjacent locations at which they were computed, the relief of the reconstructed surface can be expressed in the same units as the horizontal and the vertical dimensions of the surface. The depth relief of the surface, relative to its horizontal and vertical dimensions, can thus be compared for the reconstructed and simulated surfaces.
We found a high correlation between the depth of the reconstructed and the original surface, indicating a high degree of correspondence between the two surfaces (0.999, 0.992, 0.984, 0.998, and 0.999 for Observers 2 The present analysis differed from Koenderink's in two ways: (1) the length of the triangles' edges were not made equal but were estimated from the positions at which the perceived local orientation of the gauge figure and the surface were equal. (2) The largest deviation of gauge figure and local surface orientation was restricted to be in the range [ −12°, 12°]. Table 3 Main parameters of the 75% probability ellipse evaluated by probit analysis for different ranges of surface slant These data show that the depth of the reconstructed surface is less than that of the original surface and that the scaling in the upper and the lower part of the surface patch is different. The variability of the depth reconstruction is also different in the two parts -it is larger in the lower part as seen from the confidence limits of the regression coefficients.
Discussion
Overall, our results indicate that sensitivity to differences in slant and in tilt was almost equal, although there were differences in variability. If the sign of the deviations is disregarded, the median values of tilt deviation necessary for detection with 75% probability for the five observers were in the range 13-21°. The corresponding values for slant were in the range 10-25°. There was no evidence that would support rejecting an additive model of the effects of slant and tilt on detecting deviations between the gauge figure orientation and the surface orientation for any of the observers in the two experiments. Sensitivity to differences in slant depended on the sign of the differences between the local surface orientation and the gauge figure orientation. Sensitivity varied across surface slants, but no Weber's law dependence was obtained between sensitivity to differences in slant and surface slant. The point of the subjective equality for slant was shifted away from its true value in a non-systematic way over the surface. Sensitivity to differences in tilt was impaired when surface slant was less than 35-38°, but did not change for larger values of slant. It was less dependent on the sign of the difference between the local surface orientation and the gauge figure orientation and thus the point of subjective equality for tilt was close to its true value.
The relative sensitivity to differences in slant and in tilt over the surface was not constant. The reconstructed surface based on the values of the gauge figure orientation that the observers perceived as equal to the 1 -5, respectively). Fig. 7 shows the differences between the reconstructed and the original surface. Though the difference between the reconstructed and the original surface was not large, certain perceptual biases existed. The depth of the reconstructed surface was less than the depth of the original surface. This could be seen if one looks at the sign of the differences for the concave and convex parts of the surface. For the convex parts there were more negative differences than for the concave parts indicating that the variation in depth of the reconstructed surface was less than for the original surface. The errors were larger in the lower part of the surface, especially for the concave regions. To compare local surface orientation showed a strong linear correlation with the simulated surface, but some perceptual biases were observed. The perceived range of the reconstructed surfaces was less than that of the simulated one and depth was more distorted in the lower half of the reconstructed surface.
The task used in this study required a comparison of the surface and the gauge figure orientation. The slant of the gauge figure could be determined by the ratio of its minor to major axes, whereas the tilt could be determined by the orientation of the minor axis. In order to perform the task the observers would have to be able to detect the deviation of gauge figure shape from a circle. Regan and Hamstra (1992) found that the discrimination of the aspect ratio of an ellipse approximately followed Weber's Law. This would mean that the relative accuracy in determining the gauge figure slant should be approximately constant over the surface. Zanker and Quenzer (1999) showed a very high sensitivity in distinguishing ovals from circles (down to a 4% deformation). This sensitivity was further improved if the observers had to decide about the orientation of the ovals instead of the deviations from circularity. Thus, we may expect that task performance would be determined mainly by biases in the perception of local surface orientation rather than by errors in the perception of the slant and tilt of the gauge figure.
The 'yes -no' response we used to study the detection of differences in local surface orientation differed from the adjustment procedure that is typically used. Since these two methods may produce different results, it is necessary to compare the results of the present experiments with the data obtained in studies in which observers adjusted the shape and orientation of the gauge figure. For smooth surfaces defined by multiple sources of information (texture, shading, highlights, motion and stereo), Norman, Todd, and Phillips (1995) obtained an average error of 14.5°in adjustments of gauge figure orientation to match the local surface orientation. Tilt estimates for photographs were found to be more precise than slant estimates and showed less variability both within and between observers (Koenderink et al., 1996b) . Scatter in tilt direction of about 10°was found for average slant values in photographs (Koenderink et al., 1992) whereas scatter in slant adjustments was found in the range 11.2 -17.4°, depending on the observer and the type of surface (de Haan et al., 1995) . The relative spread for tilt was 5 -10% of the surface gradient for an actual 3-D object (a sphere) viewed under monocular, binocular and synoptic conditions (Koenderink, van Doorn, & Kappers, 1995) and about 10% for photographs of a human torso (Koenderink et al., 1996b) . The corresponding values for the relative scatter in the adjustments of surface slant in the same two studies was 20 -30% of the average magnitude of the surface slant for the sphere and 25% for photographs of the torso.
The present results resemble those obtained with an adjustment procedure, with the same type of gauge figure, for surfaces defined by other cues (Koenderink et al., 1992; de Haan et al, 1995; Norman et al., 1995) in that there was less variability for surface tilt discrimination than for slant discrimination. Also, sensitivity to differences in local surface orientation obtained in those studies was not as high as in most 2D spatial tasks and was similar to the values obtained in our experiments. Some distortions in the relief were observed both in the present experiments and in earlier adjustment experiments. In the present experiments the reconstructed surfaces were less deep than the simulated surface, whereas Koenderink, Kappers, Todd, Norman, and Phillips (1996a) found the reconstructed surfaces to be deeper. This difference may be due to the difference in methods, but it seems more likely that it is due to the difference in the depth cues that were available. Underestimation of relative depth is typical in structure from motion (e.g. Eby, 1992) , although there are exceptions (e.g. Todd & Norman, 1991) .
On the basis of these previous results one may expect better sensitivity to differences in tilt than in slant, whereas we obtained similar values. Sensitivity to differences in tilt may have been reduced in our experiments relative to other studies because the visible surface boundary in our stimuli was determined by the aperture and did not represent an occluding contour. Christou et al. (1996) showed that explicit surface boundaries are important for stable estimations of tilt. A number of other factors may affect the relative importance of slant and tilt in motion displays. We will review these in the following paragraphs.
The information in the velocity field is insufficient to determine local surface slant uniquely in structurefrom-motion displays (e.g. Domini & Braunstein, 1998; Norman & Todd, 1993; Todd & Bressan, 1990) and it has been proposed that perceived slant or depth is based on specific characteristics of the motion, such as the magnitude of the deformation in the velocity field (Domini, Caudek, & Gerbino, 1995) or the maximum velocity difference after curl is removed (Liter, Braunstein, & Hoffman, 1993) . These studies suggest that, for a constant simulated slant, perceived slant may vary with specific characteristics of the velocity field. In the present experiments the velocity field varied with the position of the surface in the aperture. Although there was always a 'peak' and a 'valley' visible inside the aperture, the distribution of the velocities depended on the position of the axis relative to these features. In addition to these global variations in the velocity field, the velocity magnitude in the vicinity of the gauge figure varied as its position relative to the axis of rotation varied, although the simulated slant of the gauge figure was not affected by the position of the axis. Thus, global and local changes in velocity inde-pendent of the simulated slants may have affected the variability of slant estimates. Changes in the velocity field also occur over time as the surface rotates and these changes may also have affected the relationship between perceived slant and simulated slant (Domini & Braunstein, 1998) , increasing the variability in detecting differences between the local surface slant and the gauge figure slant.
The tilt of a surface is determined uniquely by the information present in the velocity field (Hoffman, 1982) . Its estimation does not require additional constraints or scaling and it could be determined from the ratio of the vertical and horizontal velocity gradients. Alternatively, since tilt represents the direction of the maximal depth gradient in the image plane, it could be determined from the direction in the image plane in which the speed of motion changes most rapidly. Determining tilt in this way would require the estimation of both the speed and the direction of motion and its estimation would be limited by the abilities of the visual system to determine the direction of maximal change in velocity. Thresholds for determining differences in direction of motion depend on the width of the distribution of directions and have been found to be in the range 5-10°for a zero-width distribution and 15 -18°f or a 90°-width distribution (Smith, Curran, & Braddick, 1999) . Since surface tilt changed with the rotation of the stimuli the necessity of integrating motion information over time (Festa & Welch, 1997) may have impaired the sensitivity to differences in surface tilt.
Another factor that may influence the determination of slant and tilt is the perceived depth of the surface. A reconstruction of the surface for each observer based on their judgments of differences in local surface orientation shows certain perceptual biases. The depth relief in the upper and lower halves of the reconstructed surface differed in depth scaling and accuracy. The gauge figure may have been seen as lying on the surface less often (i.e. as different in slant and tilt from the local surface orientation) in some conditions because the perceived surface was distorted in depth. Perceptual differences between the upper and lower parts of the visual field have been obtained in other tasks as well (e.g. Previc, 1992) . Ohtani and Ejima (1997) showed that in two-frame motion displays the observers perceived downward motion more often than upward motion in the lower visual field, whereas no preference was observed for the upper visual field. They concluded that human motion vision was anisotropic in the lower half of the visual field. It is possible that the differences in the perceived depth of the surface in the upper and lower visual fields were due to distortions in the perceived motion.
The present results suggest that slant and tilt may contribute independently to the detection of local surface orientation. This result is consistent with Stevens' suggestion (1983) that it is advantageous for the visual system to represent slant and tilt independently. The existing data about differences in accuracy for adjustments of slant and tilt cannot be regarded as an indication of their independence. As pointed out by Stevens (1983 Stevens ( , 1995 , variations in slant and tilt may not be equally discriminable. The only example cited by Stevens (1983) to show that slant and tilt have an independent representation is that perceived slant is affected by the length of presentation time (Smith, 1965) whereas perceived tilt is not (Attneave & Frost, 1969) .
It might be suggested that the determination of slant and tilt from motion information is based on common inputs but involve different operations. For instance, the analysis of Buracas and Albright (1996) of the possibility that neurons in area MT could perform the computations necessary for the detection of local surface characteristics defined by dynamic stimuli showed that surface slant may be detected directly by cells with asymmetric center-surround properties. These cells may be regarded as a set of oriented motion filters differentiating velocity information in all directions and across directions and their responses could signal surface slant invariant with respect to tilt. The determination of surface tilt, however, requires a cross-orientation search for the maximally responding filter and might be achieved according to a 'winner-take-all' rule. In such a scheme, insufficient information in the velocity field would have less effect on the determination of slant than on the determination of tilt, since tilt would be based on a population response.
